In gram-negative bacteria, porins span the outer membrane and control the influx of several 55 prominent groups of antibiotics 1,2 . Thus, it should not be surprising that expression of these porins 56 is often altered in clinical isolates that exhibit multidrug resistance (MDR) [3][4][5][6][7][8][9] . The major regulator 57 of porin expression in Escherichia coli is EnvZ, a canonical sensor histidine kinase (SHK). It 58 allosterically processes periplasmic interactions with MzrA and cytoplasmic osmosensing into a 59 single unified change in the ratio of its kinase and phosphatase activities 10-15 . Unfortunately, the role 60 of the transmembrane domain (TMD) in communicating these signals across the cellular membrane 61 remains not well understood. Here, we employed in vivo sulfhydryl-reactivity to probe the 62 dynamics of individual TM2 helices within the TMD and demonstrate that upon stimulus 63 perception, EnvZ employs a non-piston-type mechanism of transmembrane communication. In 64 silico coarse-grained molecular dynamics (CG-MD) simulations with EnvZ TM2 are in agreement 65 with these in vivo results. We conclude by discussing these results within the context of allosteric 66 processing by EnvZ and propose that these results can be used to predict and classify 67 transmembrane communication by various SHKs. 68 69 Most porins involved in antibiotic transport by gram-negative bacteria belong to the classical OmpF 70 and OmpC families 2 . Transcription of these porins is governed by the intracellular concentration of 71 phospho-OmpR (OmpR-P), which is controlled by EnvZ in response to changes in periplasmic 72 interactions with MzrA and environmental osmolarity 10-15 ( Figure S1A) . At low intracellular levels 73 of OmpR-P, transcription of ompF is upregulated, whereas at higher levels of OmpR-P, 74 transcription of ompF is repressed and transcription of ompC is activated. This results in a 75 predominance of OmpF at low osmolarity and OmpC at higher osmolarities or in the presence of 76 MzrA ( Figure S1B ) [16][17][18] . Dramatic modification of porin balance, which has been observed within 77 clinical isolates from patients undergoing antibiotic treatment, strongly suggests that the underlying 78 mechanisms of porin regulation by EnvZ require further characterisation 3-9 . In addition, it was 79
recently shown that mutations in EnvZ within a porin-deficient (ompC -ompF -) E. coli strain also 80 resulted in increased carbapenem resistance 19 . Thus, EnvZ plays a not well-understood role in 81 mediating antibacterial resistance that warrants further elucidation. 82 83 Comparison of recently published apo and holo high-resolution (~1.9 Å) crystal structures of the E. 84 coli nitrate sensor NarQ that contain the periplasmic, TM and HAMP domains reveal extensive 85 structural rearrangements involving a piston-like motion of TM1 relative to TM2 of approximately 86 2.5 Å. These displacements result in a lever-like rotation of individual HAMP domains upon 87 binding of cognate ligand 20 . Based on these results, the authors posit that receptors containing a 88 membrane-adjacent HAMP domain function by a piston-type displacement of TM helices while 89 those that lack such domains transduce signal by rotation of TM helices. We previously postulated a 90 related yet different categorisation of signalling mechanisms also based on the domain structure of 91 bacterial receptors 21 . We proposed that receptors containing a periplasmic four-helix bundle 92 transduce signal across the membrane by piston-type displacements and that the attached 93 membrane-adjacent HAMP domains might possess one of a multitude of signalling mechanisms 94 including a gearbox-type rotation 22 We previously created a Cys-less version of EnvZ from E. coli that had its sole Cys residue 112 changed to an Ala residue (C277A). The Cys-less variant is expressed from pRD400, which results 113 in the addition of a seven-residue linker (GGSSAAG) and a C-terminal V5 epitope 114 (GKPIPNPLLGLDST). We previously found that the Cys-less version of EnvZ had similar steady-115 state signal output and response to environmental osmolarity as the wild-type version of EnvZ 116 making it suitable for comparisons of in vivo sulfhydryl-reactivity and signal output analysis. We 117 initially determined that no major rearrangements occur along the TM1-TM1' interface upon 118 stimulus perception 29 . As minimal change was observed along this helical interface in response to 119 osmolarity, we continued by examining the TM2-TM2' interface. We began by determining which 120 residues comprise TM2 by subjecting the full EnvZ sequence to DGpred 30 and TMHMM v2.0 31 , 121 which suggested that Leu-160 to Ile-181 and Leu-160 to Ile-179 comprise TM2 respectively. Based 122 on these analyses, we employed site-directed mutagenesis using the Cys-less variant as a template 123 to create a library of single-Cys-containing EnvZ proteins that spanned from positions 156 to 184 124 ( Figure 1 ). We observed that nearly the entire library was expressed within EPB30/pRD400 cells 125 grown under the low-or high-osmolarity regime. Variants possessing a Cys at position 156 showed 126 low levels of expression when grown under the low-osmolarity (0% sucrose) regime. However, 127
when grown under the high-osmolarity regime, no variants showed reduced expression level 128 ( Figure S2 ). These results indicate that the library is suitable for further in vivo experimentation. 129
130
We began by expressing each of the single-Cys-containing variants in EPB30/pRD400 cells, which 131 allowed us to measure CFP fluorescence, YFP fluorescence, and to calculate the CFP/YFP ratio that 132 estimates steady-state EnvZ signal output ( Figure S1B ). Cells expressing the Cys-less C277A were 133 used as a baseline comparison ( Figure S3 Figure 2C ). Of the 29 mutants analysed, 13 supported less 150 than 75% of the normal wild-type signal output. 151 152 Perhaps most striking is the inverse effect on EnvZ signal output of the Cys substitutions that flank 153 the hydrophobic core of TM2. For these residues, when grown under the low-osmolarity regime, the 154 presence of a Cys residue resulted in an increase in signal output of more than 25%, i.e. shifted 155 toward the on or kinase-dominant state (red dots in Figure 2A ) and a reduction in signal output of 156 more than 25%, i.e. shifted toward the off or phosphate-dominant state, when grown under the high-157
osmolarity regime (blue dots in Figure 2C in Tar and NarQ 20,27,28,39 . We previously performed aromatic tuning with TM2 of EnvZ and found 204 that signal output was not correlated with the absolute vertical position of the aromatic residues as 205 was shown for Tar TM2, which suggested that EnvZ does not transduce signal output across the 206 membrane by a piston-type displacement 40 . 207 208 To interpret the results of our GC-MD analysis, we categorised the signal output of these 209 aromatically tuned EnvZ variants 40 . For several two-component signalling circuits, including the 210 EnvZ/OmpR, PhoQ/PhoP and CpxA/CpxR circuits, the steady-state output of the signalling circuits 211 has been shown to be independent of the level of SHK present 40-43 . However, in circuits containing 212 the tuned variants of EnvZ, a different relationship between steady-state signal output and receptor 213 level was observed, suggesting that the ratio of kinase to phosphatase activities was different within 214 each receptor and always different than wild-type EnvZ 40 . Based on this analysis, we found that the 215 WLF-1 variant possessed the highest signal output while the WLF-5, WLF-4 and WLF-3 variants 216 possessed only slightly higher activity than wild-type EnvZ, which maintained receptor-217 concentration dependent robustness unlike the tuned variants. WLF-2 and WLF+1 were found to 218 possess reduced signal output, while WLF+2 possessed the lowest overall signal output. These 219 differences were previously quantified by analysing the slope of the change in CFP/YFP against the 220 amount of receptor present and are visually represented in Figure S6 Based on these previous results and the absence of asymmetric TM2 displacement observed within 224 the in vivo sulfhydryl-reactivity assay (Figure 3) , we assessed whether molecular simulations would 225 lend credibility to a non-piston type of transmembrane communication employed by EnvZ. We 226 began by designing tuned TM2 sequences to subject to GC-MD simulations that matched those 227 previously used during the aromatic tuning experimentation ( Figure 4A ). Unlike analogous 228 experimentation with TM2 of Tar, no trend in helix displacement was observed ( Figure 4B , Table  229 S1). This indicates that the mutations do not in isolation move the helix up and down in the 230 membrane and would appear to rule out a pure piston motion as previously observed in Tar 38 . The primary sequence of EnvZ from E. coli K-12 MG1655 was subjected to DGpred using a 303 minimal window of 9 residues and a maximal window of 40 residues 30 . Alternatively, a software 304 package that identifies TM helices with a Markov model (TMHMM v2.0) 31 was also employed. 305
These software packages suggested that Leu-160 to Ile-181 and Leu-160 to Ile-179 comprise TM2 306 respectively. Based on these results and to maximize the probability of including all residues within 307 TM2, we targeted all residues between positions 156 to 184 for the creation of a library of single- Within MARTINI, P and C particle types were subdivided to reflect varying degrees of polarity. 345 Short range electrostatic interactions were treated Coulombically, shifted to zero between 0 and 12 346 Å. Lennard-Jones interactions were shifted to zero between 9 and 12 Å. α-helix integrity was 347 maintained via dihedral restraints. Peptide termini were treated as uncharged. Simulations were 348 performed using Gromacs 3 61 . Temperature was coupled using a Berendsen thermostat at 323 K 349 (τ T = 1 ps), and pressure was coupled semi-isotropically (across XY/Z) at 1 bar 350 (compressibility = 3×10 −5 bar −1 , τ P = 10 ps). The initial simulation timestep was 20 fs. Initial models 351 of the TM α-helices were generated as ideal, atomistically detailed α-helices using standard 352 backbone angles and side-chain conformers. These were then converted to coarse-grained as 353 described previously 38 Microbiology and molecular biology reviews : MMBR 67, 593-656, (2003) . 
